The rain microphysical budget associated with precipitation in the tropical deep convective regime is investigated through the analysis of grid-scale data from a 1.5-km-mesh two-dimensional cloud-resolving model simulation forced by large-scale forcing from tropical ocean global atmosphere coupled-ocean atmosphere response experiment. The rain grids are partitioned into several types based on the rain microphysical budget, and relationships between rainfall types and vertical profiles of vertical momentum, water vapor, and cloud hydrometeors are examined. Over 67% of the total rainfall is associated with the net rain source, in which the collection of cloud water by rain is greater than the melting of precipitation ice to rain in the presence of upward motions throughout the troposphere. Over 26% of the total rainfall is related to downward motions in the lower troposphere, leading to the melting of precipitation ice as a major term in the production of precipitation. About 15% of the total rainfall corresponds to dynamic hydrometeor advection only.
Introduction
Precipitation results from convective development through dynamic and thermodynamic processes, and the production of precipitation is intimately associated with cloud microphysical processes, in particular, rain microphysical processes over a tropical deep convective regime. Tropical rainfall systems such as squall lines may be largely affected by environmental vertical wind shear (e.g., Lemone et al. 1998) , thermodynamics (e.g., Jorgensen et al. 1997; Fierro et al. 2008 ) and radiative (e.g., Gao and Li 2010b) and microphysical (e.g., Li et al. 1999) processes. The analysis of rain microphysical processes associated with tropical rainfall (e.g., Cui et al. 2007; Gao and Li 2008b) shows that the collection of cloud water by rain is primarily responsible for the development of convective rainfall, whereas the melting of precipitation ice primarily accounts for the development of stratiform rainfall in the calculations of rain microphysical parameterization schemes from Hobbs (1983, 1984) , where convective and stratiform rainfall is partitioned on the basis of amplitude and spatial variations of the surface rainfall rate Sui et al. 1994) . The examination of stratiform rainfall budget reveals that the development and maintenance of stratiform rainfall relies on the transport of hydrometeor concentration from convective rainfall regions to stratiform rainfall regions (e.g., Gamache and Houze 1983; Rutledge and Hobbs 1987; Chong and Hauser 1989; Gallus and Johnson 1991; Cui and Li 2006; Wang et al. 2009; Shen et al. 2011; Zhou 2011) . Strong convective rainfall is associated with water vapor convergence caused by upward motions throughout the troposphere, whereas weak stratiform rainfall is generally related to upward motions in the upper troposphere and downward motions in the lower troposphere (e.g., Gao and Li 2008b) . Convective heating corresponds to the vapor condensation mainly in the mid-and the lower troposphere, and stratiform heating corresponds to the vapor depositions in the upper troposphere (e.g., Sui et al. 1994) .
Rain microphysical processes are directly responsible for the production of tropical rainfall. The collection of cloud water by rain and the melting of precipitation ice highlight important differences in rain microphysical process between water and ice hydrometeors (e.g., Cui et al. 2007 ). The collection of cloud water by rain is a dominant source of rainfall from water microphysical processes, whereas the melting of precipitation ice is a dominant source of rainfall from ice microphysical processes through water̶ice microphysical interactions. Thus, the comprehensive analysis of the rain microphysical budget related to the production of tropical rainfall will enhance the understanding of tropical rainfall processes. Therefore, in this study, the rain microphysical budget for tropical rainfall is studied by the rainfall partitioning analysis of two-dimensional (2D) cloud-resolving model experiment during a selected period of the tropical ocean global atmosphere coupled ocean atmosphere response experiment (TOGA COARE). This study highlights important rain microphysical processes in the production of rainfall. The model, experiment, and rain microphysical budget are briefly discussed in the next section. The analysis of the rain microphysical budget along with vertical profiles of vertical momentum, water vapor, and cloud hydrometeors are presented in Section 3. A summary is given in Section 4.
Model, experiment, and rain microphysical budget
The 2D cloud-resolving model simulation data from Gao and Li (2008b) are analyzed in this study. The simulation data are obtained by integrating the 2D version of the cloud-resolving model with large-scale forcing data from 0400 LST 22 December 1992 to 0400 LST 08 January 1993. The model was originally developed by Soong and Ogura (1980) , Soong and Tao (1980) , and ; it was modified by Sui et al. (1994 Sui et al. ( , 1998 and Li et al. (1999 Li et al. ( , 2002b . The model includes prognostic equations for potential temperature and specific humidity, perturbation zonal wind and vertical velocity, and mixing ratios of five cloud species (cloud water, raindrop, cloud ice, snow, and graupel). The model uses single-moment cloud microphysical parameterization schemes from Lin et al. (1983) , Hobbs (1983, 1984) , Tao et al. (1989) , and Krueger et al. (1995) , and solar and thermal infrared radiation parameterization schemes from Chou et al. (1991 Chou et al. ( , 1998 and Chou and Suarez (1994) . The model uses cyclic lateral boundaries and has a horizontal domain of 768 km with 33 vertical levels from 1000 hPa to 42 hPa. The vertical grid resolution ranges from about 40 m near the surface to about 1 km near 100 hPa. Its horizontal and temporal resolutions are 1.5 km and 12 s, respectively. See Gao and Li (2008a) for detailed model physics and Li and Gao (2011) for the analysis of this data set in convective̶ stratiform rainfall processes, precipitation efficiency, diurnal cycle, and cloud merging. The large-scale forcing data include vertical velocity, zonal wind, and SST from 6-hourly TOGA COARE observations within the intensive flux array (IFA) region (M. Zhang 1999, personal communication) and the improved meteorological surface mooring buoy (1.75°S, 156°E) (Weller and Anderson 1996 ) (see Fig. 1 ). Several upward motions occur (Fig.  1a) when the westerly wind burst appears (Fig. 1b) . The strong upward motions with the maximum of 8 cm s −1 are associated with westerly winds of 8 m s −1 from 22 to 27 December 1992. The downward motions of −1 cm s −1 occur while the westerly winds reach a maximum of 16 m s −1 during the period from 28 December 1992 to 2 January 1993. In the last few days, the moderate upward motions occur as westerly winds weaken. Persistent convective activities prevent solar radiative heating from reaching the ocean surface, which leads to a continuous decrease in sea surface temperature and its diurnal cycle (Fig. 1c) . The horizontal advection of temperature and water vapor (not shown) is also imposed in the model. The initial conditions of temperature and specific humidity are obtained from COARE data at 0400 LST 22 December 1992, and the corresponding value of convective Vol. 91, No. 6 Journal of the Meteorological Society of Japanavailable potential energy (CAPE) is 975.5 J kg −1 , which is less than the CAPE analyzed in the COARE cases by Jorgensen et al. (1997) and Fierro et al. (2008) , because the CAPE is reduced after upward motions, and associated rainfall occurs during the initial time of the modeling study here. The 6-hourly large-scale forcing is linearly interpolated to a 12-s time step to be uniformly imposed at each model grid. Gao and Li (2008b) conducted a comparison study between the simulation and observation and found that magnitude of differences in temperature and specific humidity between the simulation and observation is similar to those observed in the previous COARE modeling studies (e.g., Wu et al. 1998; Li et al. 1999; and Johnson et al. 2005, 2007) . Li and Gao (2011) calculated the linear correlation coefficient between simulated and observed rain rates, which is 0.45. The observational rain rates are derived by taking an average over a 150 × 150 km 2 area, which is based on radar reflectivity data taken from the Massachusetts Institute of Technology Doppler radar and the TOGA radar located within the IFA region (Short et al. 1997) . A Studentʼs t-test on the significance of the correlation coefficients shows that the critical correlation coefficient at the 1% significant level is 0.128. Thus, the correlation between simulated and observed rain rates December 2013 X. LI and X. SHEN 803 Fig. 1 . Time-height distribution of (a) vertical velocity (cm s −1 ) and (b) zonal wind (m s −1 ), and (c) time series of sea surface temperature (°C) during a selected period of TOGA COARE, which is from Gao and Li (2008b) . Upward motion in (a) and westerly wind in (b) are shaded. is statistically significant. Li and Gao (2011) also argued that the difference in rain rate between simulations and observations is partly attributable to an inconsistency between the imposed vertical velocity and the observed rain rate.
The rain microphysical budget can be written as
where
Here, PS is the surface rain rate; Sqr defined in Table 1 is the net rain source (Sqr > 0) or a net rain sink (Sqr < 0); u is the zonal wind; qr is the mixing ratio of raindrops;
is mass integration, and zt and zb are the heights of the top and bottom of the model atmosphere, respectively.
Based on the rain microphysical budget (1), rainfall can be partitioned into three types (Table 2) : RH, Rh, and rH. Thus, a comparison in the rain source between water microphysical processes (mainly the collection of cloud water by rain is greater than the melting of precipitation ice) and ice microphysical processes (mainly the melting of precipitation ice is greater than the collection of cloud water by rain) separates these three rainfall types into two sets of sub-types. Hourly grid-scale data will be used in this study.
Following Gao and Li (2011) , rain microphysics precipitation efficiency (RMPE), defined as a ratio of the rain rate to all rainfall sources in the rain microphysical budget, can be expressed by
(2) Here H is the Heaviside function, H(F) = 1 when F > 0, and H(F) = 0 when F ≤ 0. Note that in the calculation of RMPE, PREVP is excluded as a rainfall Vol. 91, No. 6 Journal of the Meteorological Society of Japan 804
Growth of vapor by evaporation of liquid from graupel surface RH84 Hobbs (1983, 1984 ; RH83, RH84), Lin et al. (1983, LFO) , Tao et al. (1989, TSM) , and Krueger et al. (1995, KFLC) . T is air temperature, and To = 0°C. A complete list of microphysical processes and their parameterization schemes used in the model can be referred to in and Li et al. (1999 Li et al. ( , 2002 .
Growth of graupel by the riming of snow PWACS RH84 Growth of graupel by the deposition of vapor There are similarities and differences between 2D and three-dimensional (3D) model simulations. The similarities include collective thermodynamic feedback effects, vertical transports of mass, sensible heat, and moisture, thermodynamic fields, surface heat fluxes, surface precipitation, precipitation efficiency, and convective and moist vorticity vectors (e.g., Tao and Soong 1986; Tao et al. 1987; Grabowski et al. 1998; Tompkins 2000; and Khairoutdinov and Randall 2003; Gao et al. 2004 Gao et al. , 2005b Gao et al. , 2007 Sui et al. 2005 ). The differences include some differences between 2D and 3D model simulations, caused by the small model domain size in the 3D model, and the differences between 2D and 3D dynamics (Xu et al. 2002) , and high correlation of the horizontal and vertical components of dynamic vorticity vector with cloud hydrometeors, respectively, in the 3D and 2D frameworks because of the exclusion of dominant items in horizontal components of the 3D dynamic vorticity vector from the 2D framework (Gao et al. 2005b; Gao 2008) . Thus, the previous cloud-resolving modeling studies revealed differences in dynamics between the 2D and 3D models, whereas they showed similarities in thermodynamics and precipitation. The 2D model setup has been used to successfully simulate tropical rainfall (Li et al. 1999) , severe tropical storm and typhoon (Wang et al. 2009; Yue et al. 2009 ), and pre-summer heavy rainfall . Similar experiment data of TOGA COARE have been analyzed to study surface rainfall processes (Gao et al. 2005a ), precipitation efficiency (Li et al. 2002a , Sui et al. 2005 , cloud merging (Ping et al. 2008) , diurnal variation of rainfall (Gao and Li 2010a) , and effects of ice cloud on rainfall (Gao et al. 2006 ).
Results
More than 50% of the total rainfall comes from the rainfall type RH associated with the net rain source and rain hydrometeor loss/convergence, although rainfall covers the smallest area among three rainfall types ( Table 3) . The mean rain rate of RH is equally contributed to by both net rain source and rain hydrometeor loss/convergence. RH is associated with weak downward motions near the surface and strong upward motions above 2 km (Fig. 2a) . The maximum upward motion appears around 4.5 km. The downward motions near the surface produce downward water vapor (Fig. 3a) , hydrometeor (Fig. 4a) mass fluxes, and negative specific humidity perturbation (Fig. 5a) . The upward motions above the surface generate upward water vapor, hydrometeor mass fluxes, and positive specific humidity perturbation. The hydrometeor mixing ratio shows a maximum around 5 km (Fig. 6a) . The rainfall type Rh associated with net rain source and rain hydrometeor gain/divergence contributes more than 30% to the total rainfall, while it occupies less than 4% of the model domain (Table 3) . Rh is related to upward motions throughout the troposphere with their maxima around 2 km and 8 km (Fig. 2b) . The maximum upward motions produce maximum upward water vapor (Fig. 3b) , hydrometeor (Fig. 4b) mass fluxes, and positive specific humidity perturbation (Fig. 5b) around 2̶3 km. The maximum hydrometeor mixing ratio occurs around 6 km (Fig. 6b) .
About 15% of the total rainfall comes from the rainfall type (rH) associated with net rain sink and rain hydrometeor loss/convergence, which covers more than 5% of the model domain, the largest rainfall area among three rainfall types (Table 3) . rH is associated with downward motions below 4.5 km and upward motions above 4.5 km, in which upward motions are weaker than downward motions (Fig. 2c) . Strong downward motions generate strong downward water vapor mass flux below 4.5 km (Fig. 3c) . Upward hydrometeor mass flux appears above 3 km, which are stronger than downward hydrometeor mass flux below 3 km (Fig. 4c) . Negative surface specific humidity perturbation and positive specific humidity perturbation reach their maximum around 5 km (Fig. 5c) . The maximum hydrometeor mixing ratio appears around 5.5 km (Fig. 6c) .
The above rainfall separation analysis focuses on the rain microphysical budget, which is directly responsible for the production of rainfall. The rain microphysical budget is a part of the cloud microphysical budget, and the rainfall results from the convective development of the white cloud system. Thus, cloud microphysical budgets are separately analyzed for each rain type. In RH, the rainfall source comes from the collection of cloud water by rain (PRACW) and the melting of graupel (PGMLT), in which PRACW is two times greater than PGMLT (Fig. 7a) . PRACW corresponds to vapor condensation (PCND), which is a major cloud source. PGMLT is associated with the accretion of cloud water Vol. 91, No. 6 Journal of the Meteorological Society of Japan 806 (PGACW) and snow (PGACS) by graupel. The results reveal the dominance of water microphysical processes in the production of RH. The cloud microphysical budget in Rh is similar to that in RH, but the budget magnitude of the former is about two times greater than that of the latter. The similarity of rainfall sources in RH and Rh suggests that both rain types are more convective. Although the rainfall source in Rh is much greater than that in RH, the rain rate of Rh is much less than that of RH due to the divergence of the rain hydrometeor, as indicated by Table 2 . The calculation of rain intensity with the rain rate divided by fractional coverage reveals that the rain intensity of RH (9.2 mm h −1
) is about three times greater than that of Rh (3.1 mm h −1 ), because Rh gets the convergence of the rain hydrometeor. Thus, a large rain rate may not be associated with a large rainfall source. The dynamic advection of the rain hydrometeor plays an important role for determining the rain intensity. The calculations of RMPE show that RH (79.6%) is more efficient rainfall than Rh (32.4%).
In rH, PCND is much less than the vapor deposition
PDEP. As a result, PGMLT is four times greater than PRACW.
Ice microphysical processes are dominant, indicating more stratiform. The magnitude of the evaporation of rain (PREVP) is greater than those of PGMLT and PRACW, forming a net rainfall sink. Thus, the rainfall of rH totally relies on the convergence of rain hydrometeor. The rain intensity of rH is 1.0 mm h −1
. The RMPE of rH is 35.0%, which is similar to that of Rh. This implies that the divergence of the rain hydrometeor significantly reduces the RMPE in Rh.
Of 54% of rainfall contribution from RH, about 42% of the total rainfall comes from RHW, whereas about 12% of the total rainfall results from RHI (Table 4a ). RHW and RHI cover similar areas. Net rain source and rain hydrometeor loss/convergence are equally important in RHW, whereas rain hydrometeor loss/convergence is greater than the net rain source in RHI. Vertical profiles of vertical velocity of RH show major contributions from that of RHW below 7 km and that of RHI above 7 km (Fig. 2a) . RHW has maximum upward motion around 5 km, whereas RHI has upward motions above 6 km with its maximum at 9 km.
December 2013
X. LI and X. SHEN 807 ). Fig. 2 , except for specific humidity perturbation (10 −2 g kg −1 ).
Fig. 5. As in
Upward water vapor and hydrometeor mass fluxes of RH generally correspond to those of RHW, whereas RHI generally has weak downward water vapor and hydrometeor mass fluxes below 6 km (Figs. 3a and 4a ). Positive specific humidity perturbation and hydrometeor mixing ratio are greater in RHW than in RHI below 6 km, while they are less in RHW than in RHI above 6 km (Figs. 5a and 6a) . The maximum hydrometeor mixing ratio of RH results from rapid downward decreases of the hydrometeor mixing ratio of RHI, while the hydrometeor mixing ratio of RHW barely changes (Fig. 6a) .
Of about 31% contribution of Rh to the total rainfall, about 26% comes from RhW, whereas about 5% comes from RhI (Table 4b) , although RhI occupies more model domain than RhW. Upward motions of Rh are associated with upward motions of RhW below 6.5 km and of RhI above 6.5 km (Fig. 2b) . RhW has upward motions throughout the troposphere with a maximum around 3.5 km, which generate upward water vapor and hydrometeor mass fluxes and positive specific humidity perturbation throughout the troposphere (Figs. 3b-5b ). RhI has downward motions below 6 km and upward motion above 6 km, which produce downward water vapor and hydrometeor mass fluxes below 6 km and upward water vapor and hydrometeor mass fluxes above 6 km (Figs. 3b and 4b) . RhI generally has positive specific humidity perturbation with its maximum around 7 km, whereas RhW has maximum positive specific humidity perturbation about 3 km, although the former is weaker than the latter (Fig. 5b) . Maximum hydrometeor mixing ratios of RhW and RhI occur around 3 km and 6 km, respectively (Fig. 6b) . Thus, the maximum hydrometeor mixing ratio of Rh around 6 km results from that of RhI.
rHI contributes more to the total rainfall than rHW, because rHI occupies much more model domain than rHW (Table 4c ). Downward motions below 4.5 km and upward motions above 4.5 km in rH primarily result from those associated with rHI, and the vertical velocities of rHI are much stronger than those of rHW (Fig. 2c) . Downward water vapor mass fluxes of rH are primarily contributed to by those of rHI (Fig. 3c) . Both rHW and rHI has small magnitudes of hydrometeor mass fluxes compared to other rainfall types (Fig. 4) . Specific humidity perturbation of rHI mainly accounts for that of rH (Fig. 5c) . The hydrometeor mixing ratio of rHI is much greater than that of rHW, in particular above 4 km (Fig. 6c) .
The two-day period from 2000 LST 23 December to 2000 LST 25 December 1992 is selected to examine the role played by each rainfall type during the life span of a precipitation system (Fig. 8) . During the first day period of 2000 LST 23 December̶1800 LST 24 December, rain rates of RHW, RhW, and rHW are generally higher than other rainfall types. This suggests that water-hydrometeor-dominated rain source plays an important role during the development of a precipitation system, regardless of hydrometeor change/convergence. During the second day, RHI and rHI have important contributions to the total rainfall, although their rain rates are lower than those of RHW and RhW. This indicates that ice microphysical processes regulate rainfall processes during the mature and decay phases.
The analysis of convective̶stratiform rainfall partitioning scheme (Table 5) developed by and modified by Sui et al. (1994) reveals that about 86% of convective rainfall comes from RHW and RhW associated with water-hydrometeordominated rain source (Table 6 ). Straiform rainfall mainly comes from RHW, RHI, and rHI. The rainfall types associated with ice-hydrometeor-dominated rain Vol. 91, No. 6 Journal of the Meteorological Society of Japan 808 ).
source contribute 34% to stratiform rainfall, whereas the rainfall type associated with ice-hydrometeordominated rain sink contributes about 22% to stratiform rainfall. Thus, only 56% of stratiform rainfall shows ice-hydrometeor-dominated microphysical processes.
The upward motions in the mid and upper troposphere and the downward motions in the lower troposphere associated with RHI, RhI, rHI, and rHW are similar to the vertical profiles of vertical velocity over stratiform regions (e.g., Gamache and Houze 1984; Gao and Li 2008b) . The upward motions December 2013 X. LI and X. SHEN 809 , respectively. The definitions and schemes of cloud microphysical processes can be found in Table 1. throughout the troposphere associated with RHW and RhW are similar to the vertical structures of vertical velocity over convective regions. The dominant ice microphysical processes correspond to the upward motions in mid and upper troposphere, which is the main part of the definition of stratiform rainfall. The convective rainfall has dominant water microphysical processes and the upward motions throughout the troposphere. The rainfall-type rHW has upward Vol. 91, No. 6 Journal of the Meteorological Society of Japan 810 motions in the mid and upper troposphere and downward motions in the lower troposphere, and water microphysical processes are dominant. The transport of hydrometeor concentration from convective to stratiform regions is a major source of stratiform rainfall (e.g., Gamache and Houze 1984; Gao and Li 2008b) . The partitioning analysis in this study shows that the rainfall types (RHI and rHI) associated with hydrometeor convergence and dominant ice microphysical processes only account for 45% of stratiform rainfall.
To study temporal and spatial dependence of rain microphysical analysis, model domain mean data and time-mean grid-scale data are used to calculate rain rates of rainfall types ( Table 7) . Compared to the calculations with grid-scale data (Table 4 ), the rain rates of RhW, RHI, RhI, and rHI are reduced to zero, whereas the rain rates of RHW and rHW are increased. This indicates that the rain microphysical analysis is temporally and spatially dependent. The grid-scale data are required for the accurate analysis of the rain microphysical budget, in particular, the role of ice microphysical processes. Shen et al. (2010) analyzed the grid-scale rainfall simulation data based on the surface rainfall budget. Table 8 shows that rain types separated by water vapor convergence, a major term in the surface rainfall budget, versus those partitioned by the rain microphysical budget in this study. It was found that 58.5% of RH, 80.2% of Rh, and 32.7% of rH are associated with water vapor convergence, whereas 41.5% of RH, 19.8% of Rh, and 67.3% of rH are related to water vapor divergence. Water vapor convergence is December 2013 X. LI and X. SHEN 811
Convective rainfall
Stratiform rainfall Criteria   Table 5 . Convective̶stratiform rainfall separation scheme developed by and modified by Sui et al. (1994) .
Model grid point and grid point on either side in two-dimensional framework when the surface rain rate at model grid point is twice as large as the average taken over the surrounding four grid points (two neighbors on each side; Grid point with a rain rate of 20 mm h −1 or higher; Grid points where cloud water below the melting level is greater than 0.5 g kg −1 or the maximum updraft above 600 mb exceeds 5 m s −1 in rainy regions or cloud water exists (cloud water is greater than 0.025 g kg ) of RHW, RHI, RhW, RhI, rHW, and rHI calculated using model domain mean data and time-mean grid-scale data. (Figs. 2a  and 2b ) and downward motions in the lower troposphere for rH (Fig. 2c) .
Unlike the net condensation discussed in the cloud microphysical budget , major rainfall sources such as the collection of cloud water by rain and the melting of graupel, which are directly responsible for the production of tropical rainfall, are analyzed in this study. The relative importance of these two terms reflects the dominance of water microphysical processes over convective rainfall regions and of ice microphysical processes over stratiform rainfall regions.
Summary
The rain microphysical budget associated with rainfall in the deep tropical convective regime is investigated by an analysis of the grid-scale data using a two-dimensional cloud-resolving model simulation during a selected period of TOGA COARE. The major results include Rainfall separation analysis based on net rain source/sink and rain hydrometeor change/convergence in the rain microphysical budget shows that over 50% of the total rainfall is associated with the net rain source and rain hydrometeor loss/convergence caused by upward motions above 2 km. Over 30% of the total rainfall is related to the net rain source over regions with rain hydrometeor gain/divergence, where upward motions appear throughout the troposphere and reach their maximum around 2 km. Over 15% of the total rainfall corresponds to rain hydrometeor loss/convergence over regions with the net rain sink due to strong downward motions in the lower troposphere.
Further rainfall separation analysis with the relative importance of collection of cloud water by rain over the melting of precipitation ice to rain reveals that over 73% of the total rainfall comes from regions where the collection rate of cloud water by rain is higher than the melting rate of precipitation ice to rain (water-hydrometeordominated), in particular, from the rainfall types associated with the net rain source in the presence of upward motions throughout the troposphere. Over 26% of the total rainfall occurs over regions where the melting rate of precipitation ice to rain is higher than the collection rate of cloud water by rain (ice-hydrometeor-dominated) in the presence of downward motions below 6 km. Water-hydrometeor-dominated rainfall types have important rainfall contributions in the life span of a precipitation system, whereas icehydrometeor-dominated rainfall types have important rainfall only during the mature and decay phases of precipitation systems. The rain types associated with the net rain sources show upward motions throughout the troposphere and the dominance of vapor condensation and collection of cloud water by rain and divergence of rain divergence. Latent heating associated with vapor condensation mainly occurs in the mid and lower troposphere. These suggest that these rain types are more convective. The rain type associated with the net rain sink reveals the upward motions in the upper troposphere and the convergence of the rain hydrometeor as the only rain source. The latent heating associated with vapor depositions mainly appears in the upper troposphere. This indicates that the rain type is more stratiform. The analysis shows similar convective and stratiform rainfall areas, which is different from the observational fact that the convective rainfall area is much less than the stratiform rainfall area. Further separation of the two rain types associated with the net rain source with the dominance of the collection of cloud water by rain over the melting of graupel shrinks the convective rainfall area significantly. The ratio of convective to stratiform rainfall areas is reduced from 1 to 0.3 (see Tables 2 and 4) . Thus, the partition of six rain types and their combination in this study may be applicable to the analysis of precipitation systems at different temporal and spatial scales in agreement with the convective̶ stratiform rainfall separation in previous studies, but the current separation analysis provides in-depth dynamic, thermodynamic, and cloud microphysical structures of precipitation systems.
Caution should be exercised for the application of the results from this study since the two-dimensional model is used. It is necessary to carry out threedimensional interactive model simulations with broadspectrum cloud microphysical parameterization schemes to validate the results from the twodimensional analysis in this study.
